Is there a general trait of susceptibility to simultaneous contrast?  by Bosten, J.M. & Mollon, J.D.
Vision Research 50 (2010) 1656–1664Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresIs there a general trait of susceptibility to simultaneous contrast?
J.M. Bosten *, J.D. Mollon
Department of Experimental Psychology, University of Cambridge, Downing Street, Cambridge CB2 3EB, United Kingdoma r t i c l e i n f o
Article history:
Received 26 February 2010
Received in revised form 30 April 2010
Keywords:
Simultaneous contrast
Individual differences
Lateral interactions
Colour
Constancy0042-6989/$ - see front matter  2010 Elsevier Ltd. A
doi:10.1016/j.visres.2010.05.012
* Corresponding author. Fax: +44(0) 1223 333564.
E-mail address: jmb97@cam.ac.uk (J.M. Bosten).a b s t r a c t
Individuals differ in their susceptibility to simultaneous contrast. Are the underlying differences in neural
machinery conserved across different stimulus dimensions? We measured the extent to which 101 sub-
jects perceived simultaneous contrast on the dimensions of luminance, colour, luminance contrast, colour
contrast, orientation, spatial frequency, motion and numerosity. Individual differences showed re-test
reliability for each dimension (0.32 6 ICC(c,1) 6 0.78, p 6 0.05), but susceptibility to simultaneous con-
trast, with a few exceptions, was not correlated across dimensions. Either susceptibility to contrast arises
empirically from an individual’s interactions with the environment, or it is genetically determined but
independently for different dimensions.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Many visual attributes exhibit simultaneous contrast. It occurs
in stimuli embedded spatially in a related context: the appearance
of the embedded stimulus is shifted away from that of the sur-
round. Since simultaneous contrast across disparate stimulus
dimensions may plausibly share a common neural mechanism,
individuals who are particularly susceptible to one contrast effect
may be particularly susceptible to them all. To address this possi-
bility we studied individual differences in the extent to which
simultaneous contrast is perceived across multiple stimulus
dimensions. We measured susceptibility to simultaneous contrast
across ten different stimulus dimensions: luminance contrast (Dia-
mond, 1953), colour contrast (Kirschmann, 1891), luminance con-
trast contrast (Chubb, Sperling, & Solomon, 1989), colour contrast
contrast (Singer & D’Zmura, 1994), motion contrast (Duncker,
1938), orientation contrast (Westheimer, 1990), spatial frequency
contrast (Klein, Stromeyer, & Ganz, 1974) and numerosity contrast
(Durgin, 2002; MacKay, 1973).
Explanations for simultaneous contrast have been offered with-
in different frameworks and at different levels. One tradition, clas-
sically identiﬁed with Hering (1920), offers a physiological
account, in terms of neural interactions. Another, classically identi-
ﬁed with Helmholtz, offers a cognitive account in terms of the most
likely interpretation of the scene. These different levels of explana-
tion are not necessarily exclusive (Kingdom, 1997).
Recent physiological and anatomical approaches to simulta-
neous contrast have focused on extra-classical receptive ﬁelds. Ex-ll rights reserved.tra-classical receptive ﬁelds are deﬁned by the non-linear response
to stimuli in the surround: a neuron’s level of activation is modu-
lated by a stimulus in its extra-classical receptive ﬁeld only if there
is a stimulus concurrently in its classical receptive ﬁeld. The pres-
ence of extra-classical receptive ﬁelds shows that the neural
machinery exists for an inﬂuence of spatial context. Their existence
has been reported at many levels of the visual system including the
retina (Cleland & Levick, 1974; Solomon, Lee, & Sun, 2006), the Lat-
eral Geniculate Nucleus (LGN) (Felisberti & Derrington, 2001; Lev-
ick, Cleland, & Dubin, 1972), cortical area V1 (Fitzpatrick, 2000;
Maffei & Fiorentini, 1976), and cortical area V5 (Allman, Miezin,
& McGuinness, 1985; Born, 2000). What neural circuitry gives rise
to the extra-classical receptive ﬁeld is still debated. Candidates are
lateral connections (Das & Gilbert, 1999 on V1; Bodin, Mante, &
Carandini, 2005 on LGN), feedforward connections (Alitto & Usrey,
2008 on LGN) and feedback connections (Angelucci et al., 2002 on
V1; Nolt, Kumbhani, & Palmer, 2007 on LGN).
More than one tradition has sought an account of contrast in
terms of the structure of the stimulus rather than the structure of
the nervous system. Bayesian models interpret simultaneous con-
trast and other ‘‘illusions” as the product of the visual system’s best
guess at what an ambiguous retinal stimulus corresponds to in the
externalworld (for a review see Schwartz, Hsu, &Daya, 2007). A par-
ticular case of this class of explanation, andonewitha longhistory, is
the hypothesis that equates simultaneous contrast with constancy
(Ikeda, Pungrassamee, Katemake, & Hansubesai, 2006; Mollon,
2006; Monge, 1789). Models put forward by Purves et al. (Purves &
Lotto, 2001, 2003) relate a constancy explanation of simultaneous
contrast to a Bayesian approach more explicitly.
The study of individual differences is an under-used method of
establishing relationships between different psychophysical mea-
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were conserved across stimulus dimensions, a simple low-level
explanation for simultaneous contrast would be favoured. If not,
the neural mechanisms may differ between stimulus attributes
or alternatively, the mechanism may be common but its degree
of instantiation for different dimensions may vary. An absence of
conserved individual differences would also be compatible with
empirical models of simultaneous contrast. Individual differences
in visual experience, either externally or internally generated,
could lead to differences in the ability to isolate elements of the vi-
sual ﬁeld, or to different expectations about the conﬁguration of
objects that corresponds to the retinal image.
Little work has so far been carried out on individual differences
in simultaneous contrast, but one exception has been in the dimen-
sion of luminance contrast contrast. Cannon and Fullenkamp
(1993) categorised observers into three types, each type showing
a characteristic pattern of response to contrast contrast stimuli.
One type of observer consistently exhibited contrast suppression
of the central test disc, no matter what the relative contrasts of
centre and surround. Another type of observer showed some
enhancement particularly for surrounds of small diameter and
for central patches containing low contrast. A minority of observ-
ers fell into a third category, labelled ‘enhancers,’ who showed con-
sistent enhancement of the contrast of the central test patch.
Cannon and Fullenkamp used their results to explain simultaneous
contrast by a combination of processes where components had dif-
ferent weightings in different individuals. Snowden and Hammett
(1998) have also reported individual differences in perception of
contrast contrast, and Dakin, Carlin, and Hemsley (2005) have re-
ported that schizophrenics are less susceptible to contrast contrast
than are the normal population.
In the present study, as well as testing the relationship between
different dimensions of simultaneous contrast, we quantify the
range of individual variation in multiple types of simultaneous
contrast, including luminance contrast contrast. We assess and re-
port the re-test reliabilities for each dimension of simultaneous
contrast.2. Methods
To minimise the variance introduced by different task demands
for different stimulus dimensions, the tasks were kept as similar as
possible. All used asymmetric matching as a method, and the size
and the conﬁguration of the stimuli remained constant. Each of the
ten stimulus dimensions was tested in a separate block and the
blocks were run in random order. Within each block, two different
test patch surrounds were tested (with the exception of numeros-
ity contrast, see footnote to Table 1); elsewhere these will be re-
ferred to as measures 1 and 2, as listed in Table 1.2.1. Stimuli and apparatus
Stimuli were presented on a Sony GDM F500R graphics monitor,
linearised using a Cambridge Research Systems ColorCal, and cali-
brated using a PR650 spectroradiometer. The monitor’s refresh rate
was 100 Hz, and its resolution was 1024  768. Experiments took
place in a dark room. They were programmed in Matlab and were
run using a Cambridge Research Systems VSG2/5 graphics card.
Chromaticities are expressed in MacLeod and Boynton (1979) chro-
maticity coordinates.
For all stimulus dimensions a circular test patch of diameter
3.1 was presented on one side of the screen and a comparison
patch of the same diameter on the other. The test patch was
embedded in an annular surround of diameter 12.4, and the
centres of the test and comparison patches were separated by14.0. The viewing distance was constant at 70 cm, maintained
by positioning the subject on a chin rest. Fig. 1 is a representa-
tion of the test patches and their surrounds for each stimulus
dimension. The properties of all the stimuli used are given in
Table 1.
A series of pilot studies determined the parameters for each
stimulus dimension that led to the greatest levels of individual var-
iation in susceptibility to simultaneous contrast (Bosten, 2008). In
the case of two dimensions, the stimulus arrangement had features
that need special comment:
2.1.1. Luminance
The stimuli were presented on a background of a high-con-
trast checkerboard (Zaidi, Spehar, & Shy, 1997). The comparison
patch is always potentially subject to simultaneous contrast with
its surround. If black were chosen as its surround, then the con-
trast would be maximal and it would be difﬁcult to match dec-
remental test patches. If a mid-grey surround were chosen, then
the comparison patch would disappear when it had the same
luminance as the surround. The advantage of the checkerboard
is that the average luminance of the comparison patch surround
is a mid-grey, but the visibility of the comparison patch is
preserved.
2.1.2. Motion
In the motion contrast display, the test patch was moving (left-
ward at 1 deg s1) rather than stationary. This arrangement was
adopted to minimise the problem that subjects can judge motion
relative to different frames of reference. A subject might perceive
the test grating as moving relative to the moving surround but
might perceive the test grating as stationary relative to the aper-
ture caused by the border of the test patch. This ambiguity might
make it difﬁcult for the subject to judge the speed of the test grat-
ing. If the test grating is itself moving, it is in motion relative both
to the moving surround grating and to its border, and the problem
of contradictory percepts is thus reduced.
2.2. Procedure
Subjects were instructed to indicate by pushbutton on each trial
whether the test patch or the comparison patch was the greater on
a particular perceptual dimension. The perceptual dimension var-
ied according to the block and the participant indicated, according
to the block, which of the test or comparison patches was lighter
(luminance contrast), was of higher contrast (luminance contrast
contrast and colour contrast contrast), was redder (L/(L + M) colour
contrast), was more violet (S/(L + M) colour contrast), was faster in
a leftward direction (motion contrast), was of higher spatial fre-
quency (spatial frequency contrast), was rotated more anticlock-
wise (orientation contrast) or contained more dots (numerosity
contrast). Before the ﬁrst experimental session, subjects received
training on discriminating the stimulus dimensions that were the
most difﬁcult. These were the two types of colour contrast, orien-
tation contrast, motion contrast and S/(L + M) contrast contrast. In
the training blocks there were real differences between test and
comparison patches, and the inducing surrounds were absent. Sub-
jects were required to give ten consecutive correct responses on
each training block before proceeding further.
Within each block there were four interleaved staircases, with
the staircase to be tested on each trial decided according to a series
of 4  4 Latin squares. Within each block the effects of two distinct
surrounds were measured, and two staircases altered the compar-
ison patch to converge on the subject’s match to the test patch
embedded in each surround. Staircases 1 and 2 converged on the
subject’s match when surround 1 was presented and staircases 3
and 4 when surround 2 was presented (see Table 1). Staircases 1
Table 1
Stimulus parameters.
Type of simultaneous contrast L/(L + M) contrast S/(L + M) contrast L/(L + M) S/(L + M) Luminance
contrast
Luminance Motion Numerosity Orientation Spatial
frequency
Units Equivalent of Michelson
contrast
Equivalent of Michelson
contrast
L/(L + M) S/(L + M) Michelson
contrast
cd m2 cycles s1 Dots Degrees c.p.d.
Starting position of staircases 1
and 3
0.090 0.75 0.641 0.01126 0.4 34.58 1 12 40 2.63
Starting position of staircases 2
and 4
0 0 0.689 0.02086 0.096 62.56 1 45 80 6.06
Step size 1 0.0090 0.075 0.006 0.0012 0.048 2.33 0.2 8 5 0.1 log unit
Step size 2 0.0072 0.06 0.0048 0.00096 0.024 1.17 0.1 4 3 0.06 log unit
Step size 3 0.0036 0.030 0.0024 0.00048 0.012 0.58 0.1 2 2 0.04 log unit
Step size 4 0.0011 0.015 0.0012 0.00024 0.006 0.29 0.05 1 1 0.02 log unit
Test patch 0.045 0.37 0.665 0.0161 0.25 48.57 1 (1) 30; (2)
53
60 4
Surround 1 0.081 0.75 0.702 0.0233 0.6 97.14 2 800 75 6.50
Surround 2 0.054 0.46 0.629 0.00879 0.3 38.86 2 800 45 2.46
Other parameters:
Spatial frequency 3.6 c.p.d. 3.5 c.p.d.
Contrast 100% 100%
Grating orientation Vertical Vertical
Maximum luminance 18.3 cd m2 18.3 cd m2 18.3 cd m2 18.3 cd m2 97.1 cd m2 97.1 cd m2 97.1 cd m2 97.1 cd m2 97.1 cd m2
Minimum luminance 18.3 cd m2 18.3 cd m2 18.3 cd m2 18.3 cd m2 <0.01 cd m2 <0.01 cd m2 <0.01 cd m2 <0.01 cd m2 <0.01 cd m2
Average luminance 48.6 cd m2
Dot diameter 0.16
Background dimensions 30  22.7 30  22.7 30  22.7 30  22.7
Background chromaticity Equal energy white Equal energy white
Check dimensions 0.65  0.65
Element size in contrast
contrast
0.14  0.14 0.49  0.49 0.14  0.14
* Note that in the case of numerosity contrast, there was only one background dot density but the density of dots in the test patch varied. The numbers of test patch dots were 30 and 53, and this equated to dot densities of 3.97 and
7.02 dots per square degree of visual angle. The number of dots in the background was 800, and this was a dot density of 7.06 dots per square degree of visual angle.
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Fig. 1. Stimuli for simultaneous contrast. From top left: L/(L + M) contrast, S/(L + M) contrast, L/(L + M), S/(L + M), luminance contrast, luminance, motion, numerosity,
orientation and spatial frequency.
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test patch match, and staircases 2 and 4 began at the same stimu-
lus level lower than the veridical test patch match.
On each trial the test stimulus and comparison stimulus were
presented for 3 s. The subject could give his or her response at
any time during the stimulus presentation or during one second
following. A 500-ms high tone marked the end of the response
interval and a 500-ms low tone told the subject that the response
had been recorded. The step size was variable, reducing after the
second, third and ﬁfth reversals on each staircase. The step sizes
are given in Table 1. A condition terminated when there had been
at least 14 reversals on each pair of staircases.The entire experiment took subjects between 50 and 90 min.
96% of subjects returned to complete a second session at least 6
weeks after their ﬁrst.
2.3. Subjects
101 subjects completed the experiment once, and 97 returned
to complete a second session. 66 subjects were female and 35 were
male. A large proportion of subjects were graduate students at the
University of Cambridge. Their ages ranged from 19 to 75, but 92%
were under 40. All had normal or corrected-to-normal visual
acuity.
Table 2
Intraclass correlation coefﬁcients (c,1) for the ﬁrst and second sessions for each
measure, with 95% conﬁdence intervals. With a Bonferroni correction for 20 tests, the
adjusted alpha value is 0.0025.
Type ICC(c,1) p n Lower bound
of 95%
conﬁdence
interval on
Upper bound
of 95%
conﬁdence
interval on
1660 J.M. Bosten, J.D. Mollon / Vision Research 50 (2010) 1656–16642.4. Analysis
A cumulative Gaussian psychometric function was ﬁtted to the
data from each pair of staircases in a block using the freely avail-
able software psigniﬁt (Wichmann & Hill, 2001a, 2001b). The 50%
point was read as the point of subjective equality from the function
ﬁtted by psigniﬁt.ICC(c,1) ICC(c,1)
L/(L + M) contrast 1 0.437 <0.0001 92 0.256 0.589
L/(L + M) contrast 2 0.677 <0.0001 96 0.552 0.772
S/(L + M) contrast 1 0.577 <0.0001 95 0.425 0.697
S/(L + M) contrast 2 0.625 <0.0001 95 0.486 0.733
L/(L + M) 1 0.687 <0.0001 92 0.561 0.781
L/(L + M) 2 0.712 <0.0001 92 0.595 0.800
S/(L + M) 1 0.669 <0.0001 84 0.532 0.772
S/(L + M) 2 0.641 <0.0001 86 0.497 0.750
Luminance contrast 1 0.614 <0.0001 94 0.470 0.726
Luminance contrast 2 0.470 <0.0001 96 0.298 0.612
Luminance 1 0.782 <0.0001 92 0.688 0.851
Luminance 2 0.680 <0.0001 92 0.553 0.776
Motion 1 0.741 <0.0001 91 0.632 0.821
Motion 2 0.666 <0.0001 83 0.527 0.771
Numerosity 1 0.450 <0.0001 91 0.269 0.5992.5. Exclusion criteria
Some of the data points gathered were classed as ‘‘erroneous”
according to one of three criteria. The ﬁrst was that the pair of
staircases used to measure a particular data point diverged rather
than converged (0.875% of the data eliminated). The second was
that the subject appeared to be comparing the comparison patch
with the test patch surround rather than the test patch itself
(0.275% of the data eliminated). The third was that the 68% conﬁ-
dence intervals returned by psigniﬁt (by bootstrapping with 5000
simulations) on the threshold estimate were greater than the range
of the subjects’ matches (1.125% of the data eliminated).Numerosity 2 0.471 <0.0001 92 0.295 0.615
Orientation 1 0.530 <0.0001 87 0.630 0.666
Orientation 2 0.591 <0.0001 87 0.435 0.712
Spatial frequency 1 0.321 0.001 94 0.127 0.491
Spatial frequency 2 0.616 <0.0001 93 0.472 0.7282.6. Other missing data points
20 data points (0.50% of the data) were lost at the point of col-
lection owing to subjects overrunning their allotted time or to sys-
tem failures. 80 data points (1.98% of the data) were missing at the
point of collection because 4 subjects did not return for a second
session.3. Results
3.1. Reliability
Reliability was established by correlating subjects’ thresholds
across the two experimental sessions. Intraclass correlation coefﬁ-
cients (C,1) for the 20 measures of simultaneous contrast ranged
from 0.322 to 0.783. All were signiﬁcant (p 6 0.001; a = 0.0025
with a Bonferroni correction for 20 tests). Correlation coefﬁcients
and their 95% conﬁdence intervals are given in Table 2. Signiﬁcant
correlations between the measures of simultaneous contrast taken
in the ﬁrst and second sessions indicated that there are reliable
individual differences in all the measures.3.2. Simultaneous contrast
No distribution of points of subjective equality was signiﬁcantly
different from normal (0.444 6 Kolmogorov–Smirnov Z 6 1.786;
0.0034 6 p 6 0.989; a = 0.0025). We tested each distribution of
points of subjective equality for simultaneous contrast, deﬁned
as the value of the matched comparison patch being signiﬁcantly
different from the physical value of the test patch, in the direction
away from the inducing surround. Signiﬁcant simultaneous
contrast effects were found in all but two measures (3.79 6 t
6 24.82; p <0.001, a = 0.0025). The exceptions were S/(L + M)
contrast contrast 1 and spatial frequency contrast 1. The mean,
standard deviation and range for each measure of simultaneous
contrast are given in Table 3.
Each set of points of subjective equality was tested for sex dif-
ferences, but no signiﬁcant differences were found either in the
magnitude of simultaneous contrast (0.035 6 t 6 2.1; pP 0.04,
a = 0.0025), or in the variance of the points of subjective equality
(0.005 6 F 6 6.8; pP 0.01, a = 0.0025). Similarly, each set of points
of subjective equality was correlated with subjects’ ages. There
were no signiﬁcant correlations between age and magnitude ofsimultaneous contrast (0.007 6 rp 6 0.216, 0.033 6 p 6 0.943,
a = 0.0025 n = 97).3.3. Correlations between stimulus dimensions
Table 4 shows a matrix of correlations across all dimensions.
The input to the correlation matrix was the points of subjective
equality for each measure averaged for each subject across the
two sessions, or from a single session if there was only one value
available. The correlations are colour-coded by magnitude. Those
that are signiﬁcant following a Bonferroni correction for 190 tests
(a = 0.00026) are indicated in dark grey. Lower correlations
(p < 0.01) are indicated in mid-grey, and correlations that are lower
still (p < 0.05) are indicated in light grey. The most striking result is
that susceptibility to simultaneous contrast does not generally cor-
relate across stimulus dimensions: if a subject is particularly sus-
ceptible to one type of simultaneous contrast, he or she is not
necessarily particularly susceptible to other types. Most correla-
tion coefﬁcients are very low indeed: 27.9% of coefﬁcients are be-
low 0.05 and 53% of coefﬁcients are below 0.1. The preponderance
of low correlations means that a factor analysis is inappropriate.
There are a small number of exceptions to the trend of low cor-
relations: 13 correlations (6.5%) are signiﬁcant. Eight of these are
intercorrelations between the three types of contrast contrast
(0.394 6 rp 6 0.721; p < 0.0001). The others are between the two
measures of spatial frequency contrast (rp = 0.374, p = 0.0001), be-
tween the two measures of numerosity contrast (rp = 0.469,
p <0.0001), between L/(L + M) contrast and S/(L + M) contrast
where the test patches were decrements (rp = 0.397, p <0.0001),
between luminance contrast and S/(L + M) contrast contrast
(rp = 0.364, p = 0.0002) and between L/(L + M) contrast contrast
and spatial frequency contrast (rp = 0.376, p = 0.0001).
The fact that the number of signiﬁcant correlations is small is
not, alone, very surprising. With 100 subjects and the necessity
of performing a Bonferroni correction for 190 tests (lowering alpha
to 0.00026), our study had sufﬁcient power to detect only large ef-
fect sizes. Power calculations revealed that with an alpha of
0.00026, and 100 subjects we could expect to ﬁnd a correlation
Table 3
Mean, standard deviation and range of points of subjective equality for each measure of simultaneous contrast.
Type Units Mean point of subjective equality Standard Deviation Range
L/(L + M) contrast 1 contrast 1 Equivalent of Michelson contrast 0.0298 0.00596 0.0110–0.0453
L/(L + M) contrast 2 contrast 2 0.0353 0.00690 0.0114–0.0622
S/(L + M) contrast 1 contrast 1 Equivalent of Michelson contrast 0.334 0.107 0.0530–0.842
S/(L + M) contrast 2 contrast 2 0.327 0.0707 0.0556–0.573
L/(L + M) 1 L/(L + M) 0.660 0.00450 0.647–0.670
L/(L + M) 2 0.671 0.00474 0.662–0.683
S/(L + M) 1 S/(L + M) 0.0137 0.00144 0.00921–0.0165
S/(L + M) 2 0.0169 0.00149 0.0135–0.0226
Luminance contrast 1 Michelson contrast 0.190 0.0434 0.103–0.354
Luminance contrast 2 0.196 0.0283 0.083–0.249
Luminance 1 cd m2 40.2 4.71 25.3–54.3
Luminance 2 56.9 5.13 47.4–69.0
Motion 1 cycles s1 0.643 0.292 0.711–1.73
Motion 2 1.20 0.515 0.615–2.37
Numerosity 1 dots 25.2 1.98 18.2–30.1
Numerosity 2 49.0 2.93 42.7–60.1
Orientation 1 degrees 54.3 4.26 44.7–64.7
Orientation 2 67.8 4.80 56.3–79.9
Spatial frequency 1 c.p.d. 3.94 0.205 3.28–4.83
Spatial frequency 2 4.11 0.260 3.40–4.91
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pends not only on sample size, alpha value and effect size, but also
on the level of noise present in the data. In other words, the true
correlation between two variables is weakened in the observed cor-
relation by the level of noise present in the measurements of each
variable. The following equation allows estimation of the ‘‘true”
correlation given the observed correlation and the reliabilities of
each of the two correlated variables X and Y:
ro ¼ rt=ðRxRyÞ1=2 ð1Þ
where ro is the observed correlation, rt is the ‘‘true” correlation, and
Rx and Ry are the coefﬁcients of reliability for the variables X and Y.1
Since the correlations between dimensions of simultaneous
contrast were performed using the data averaged across two ses-
sions, we used the intraclass correlation coefﬁcient (c,1) for the
average of two measures to give us the coefﬁcients of reliability
for each dimension. We were then able to estimate the minimum
expected ‘‘true” correlations given 80% power, 100 subjects and
an alpha value of 0.00026 from Eq. (1). These ranged, depending
on the reliabilities for each measure of simultaneous contrast, from
0.5 to 0.78. The true power of our study to detect signiﬁcant corre-
lations, was therefore limited to large effect sizes.
It is more informative to look at the distribution of all 190 cor-
relations between our 20 measures of simultaneous contrast. If
there were such a thing as a general trait of susceptibility to simul-
taneous contrast, we should expect the distribution of correlations
to be centred on the mean observed effect size. The distribution of
the 190 correlations between measures of simultaneous contrast is
shown in Fig. 2 (red line). Because on some scales a large amount of
simultaneous contrast would reveal itself by reduced scores,
whereas on others a large amount of simultaneous contrast would
give enhanced scores (see Table 1), if there were a general trait of
susceptibility to simultaneous contrast, we should expect the cor-
relations between some measures of simultaneous contrast to be
positive and others to be negative. We therefore reﬂected the cor-
relations we expected to be negative about the line rp = 0 before
including them in Fig. 2.1 The coefﬁcient of reliability is the proportion of variance that is shared across the
two or more sessions of measuring the variables X and Y. When we are measuring the
reliability of individual differences, the numerator of this ratio is the variance
attributable to true individual differences. The total variance (the denominator of the
ratio) is the sum of the variance attributable to true individual differences and the
variance attributed to random error (or noise).The distribution of observed correlations (red, Fig. 2) includes
many correlations that are negative (even following the transfor-
mation described above), and many that are zero or near-zero.
The mean of the distribution is 0.081, its standard deviation is
0.17, and its peak is at 0 with histogram bins of width 0.05. An esti-
mate of the distribution of ‘‘true” correlations may be obtained by
transforming the distribution of observed correlations according to
Eq. (1). The distribution of projected ‘‘true” correlations is shown in
Fig. 2 in blue. The distribution’s mean is 0.11, its standard deviation
is 0.23 and its peak is at 0–0.1.
How do the distributions of observed and ‘‘true” correlations
compare with distributions of correlations among variables con-
sisting entirely of random noise? To answer this question we ran
Monte-Carlo simulations correlating random pairs of data points
rather than data points gathered from the same subjects. One hun-
dred simulations from random permutations were made and the
results are also shown in Fig. 2. The solid black line shows the aver-
age distribution of correlations across all the simulations, and the
dashed lines show the maximum and minimum number of corre-
lations of each level that occurred in any simulation. The Monte-
Carlo simulation can be compared with the observed and esti-
mated ‘‘true” distributions of correlations shown in red and blue,
respectively. It is clear from the ﬁgure that the observed distribu-
tion of correlations overlaps largely with the distribution expected
by chance, but there is a positive arm of the distribution that falls
outside the distribution expected by chance. The number of posi-
tive correlations falling outside the distribution expected by
chance is increased, as would be expected, when the ‘‘true” corre-
lations are estimated.4. Discussion
Although there are signiﬁcant differences in susceptibility to
simultaneous contrast apparent in each individual measure, this
susceptibility, with few exceptions, does not give rise to signiﬁ-
cant correlations between measures. The three measures of con-
trast contrast intercorrelate signiﬁcantly, and S/(L + M) contrast
and L/(L + M) contrast are correlated signiﬁcantly when sur-
rounds in both cases had a higher value than the test patch.
Few other dimensions of simultaneous contrast intercorrelate
signiﬁcantly.
The distribution of the 190 correlations obtained between our
measures of simultaneous contrast indicates that many correla-
Table 4
Pearson’s Correlations between dimensions of simultaneous contrast.
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Fig. 2. Distributions of observed and ‘‘true” correlations, and the range of
distributions of correlations expected by chance. The distribution of observed
correlations between measures of simultaneous contrast is shown in red, with
those expected to be negative reﬂected about rp = 0. The distribution of calculated
‘‘true” correlations is shown in blue. The results of Monte-Carlo simulations to
determine the distribution of correlations expected from random noise are
indicated by the black lines. The mean of 100 simulations is indicated by the solid
black line, and the maximum and minimum number of correlations of each level
that occurred in any simulation are indicated by the black dashed lines.
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near-zero. An estimation of the distribution of ‘‘true” correlations
has shown that a general effect, if it exists, must be very small
(rp 6 0.11). There may be a very small general trait of susceptibility
to simultaneous contrast, accounting for around 1% of the variance
in each measure. However, a subset of correlations are larger: some
dimensions of simultaneous contrast intercorrelate better than
others, for example, the different measures of simultaneous con-
trast contrast.
What can be concluded from the general absence of correlations
between individuals’ settings on different dimensions of simulta-
neous contrast? One basic conclusion is that there is no notewor-
thy general trait of susceptibility. It thus seems unlikely that
individual differences in all the different dimensions can be ac-
counted for by conserved variation in one neural property such
as the density or the extent of lateral connections or the gain con-
trol exercised by synapses on postsynaptic cells or the spatial pre-
cision of descending attentional processes that allow a particular
region of the visual ﬁeld to be isolated. Our results do not rule
out the possibility that individual differences in contrast on partic-
ular dimensions are caused by variations in such neural properties:
genetic polymorphisms or environmental inﬂuences might deter-
mine the operating parameters of neural mechanisms that are
essentially similar – for example, the growth of lateral connections
could be terminated at different developmental points in different
visual subsystems and this timing could be different for different
individuals. But our results would also be consistent with empirical
accounts that attribute simultaneous contrast to learnt expecta-
tions about the visual world. Such learning would be free to pro-
gress independently in different individuals for each stimulus
dimension.
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